Background:
Background
Central precocious puberty (CPP) in girls is defined as the development of sexual characteristics before the age of 8 years due to the premature activation of the hypothalamopituitary-ovarian axis. CPP is idiopathic in the majority of young female patients [1] . It is sometimes difficult to distinguish between CPP and premature thelarche, which is defined by non-pathological isolated early breast development, generally during the first 2 years of life.
The premature secretion of estradiol increases the growth rate and accelerates bone maturation. This can shorten the growing period, resulting in short adult height (AH). Treatment with gonadotropin-releasing hormone (GnRH) analog (GnRHa) blocks the pituitary-ovarian axis and thus the secretion of estradiol, slowing bone age progression and preserving growth potential [2, 3] . However, the effect of this treatment on the AH varies, mainly because the progression of idiopathic CPP varies. There are unsustained forms [4, 5] , also called slowly progressing forms [6, 7] , in addition to the rapidly progressing form, but it is difficult to distinguish between the rapidly and the slowly progressing forms. Partsch et al. [8] suggested that CPP is more a continuum of clinical presentation and progression rate, ranging from normal variants like premature thelarche, to unsustained or slowly progressive forms, and rapidly progressing forms. These may represent different positions along a continuum of hypothalamic GnRH neuron activation [9] . This variability makes randomized prospective trials comparing treated and untreated girls inappropriate.
It is therefore not easy to decide to treat a given girl with idiopathic CPP with GnRHa. The Consensus Conference Group has recommended that progressive pubertal development be documented for 3-6 months before starting GnRHa treatment, and that the responses to the GnRH test and estradiol assays should be used [2] . The factors associated with better results of GnRHa treatment on height are younger chronological age at puberty or treatment [10, 11, [12] [13] [14] [15] , a shorter interval between the onset of CPP and treatment [12, 16] , a greater height at initial evaluation [10, 11, [16] [17] [18] , target height (TH) [10, 16, 18] , predicted AH before treatment [11, 18] , and the duration of the treatment [12, 15, 18] .
This study was done to help physicians decide which of these girls should be given GnRHa treatment. We analyzed retrospective data for 122 girls with idiopathic CPP who had reached their AH. Some were treated with GnRHa, and the others were followed without treatment. Multiple linear regressions were performed on several subsets of the variables [19, 20] . The objective was to predict at initial evaluation the AH and (for untreated girls) the time between the onset of puberty and first menstruation. We evaluated these criteria, as it is important for discussing treatment with the patient's parents.
Material and Methods

Ethics statement
Written informed consent for the evaluations was obtained from the children's parents and was included in their hospital medical record. The Ethical Review Committee (Comité de Protection des Personnes, Ile de France III) stated that "This research was found to conform to generally accepted scientific principles and research ethical standards and to be in conformity with the laws and regulations of the country in which the research experiment was performed."
Patients
This retrospective study was carried out on 122 girls, first seen for idiopathic CPP between 1982 and 2002 in a university pediatric hospital by one of us (R Brauner). They had all reached their AH (growth during the preceding year of less than 1 cm in a menstruated girl). CPP was diagnosed on the appearance of breast development before the age of 8 years accompanied by the presence of pubic or axillary hair (n=46), a growth rate greater than 2 SD scores (SDS, n=59) and/or a bone age more than 2 years greater than chronological age (n=39). Organic intracranial lesions were excluded by neuroradiological evaluation in all cases, as were ovarian [21] and adrenal disorders. Plasma 17-hydroxyprogesterone, delta4-androstenedione and testosterone concentrations were measured in those girls whose first sign was pubic or axillary hair development to exclude abnormal androgen secretion and congenital adrenal hyperplasia [22] . Plasma thyroxin and thyroid stimulating hormone concentrations were measured to exclude hypothyroidism and 24-h urinary cortisol was measured to exclude hypercortisolism in those who were overweight.
The 122 girls were selected from a cohort of 350 girls with idiopathic CPP [23] , 242 of whom were over 15 years old. The 19 adopted girls were excluded because their TH was not available. When the AH was not available in the hospital record, a letter was sent to the parents asking for the age and latest height in her health records and her growth in the past year, data that were collected by their pediatrician. This letter was returned to us because of a change of address in 101 cases, whose characteristics at initial evaluation were similar to those of the 122 girls included in the study. Thus, we compared the characteristics analysed in Table 1 in the 101 excluded and 122 included girls and found that the differences were not significant for each of them.
Protocol
The initial evaluation included determinations, in a fasting state, of height, weight, pubertal stage, bone age, and evaluation of the hypothalamo-pituitary-ovarian axis by measuring basal and GnRH (100 µg/m 2 )-stimulated luteinizing hormone (LH) and follicle-stimulating hormone (FSH) peaks and the plasma concentrations of estradiol. Aliquots (n=38) of plasma were kept at -22°C to measure insulin concentrations.
The patients were assigned to 1 of 2 groups: Group 1 patients (n=70) were given GnRHa and Group 2 patients (n=52) were followed without treatment.
The criteria for treatment were (Table 1) : 1) a predicted AH <155 cm at the initial evaluation (n=14), or at the evaluations performed every 4 months (n=10 after 1.0±0.9 (0.1-2.9) years), 2) an LH/FSH peaks ratio >0.66 (n=41) and/or 3) a plasma estradiol concentration >15 pg/mL (n=40). Treatment (D-Trp-GnRH, 3.75 mg, i.m., every 24-26 days; half doses in patients weighing <20 kg) was continued for at least 2 years. This interval between injections was chosen because estrogen activity reappears, according to the vaginal maturation index, when the interval exceeds 27-29 days (our unpublished observations). Oral cyproterone acetate (12.5 mg twice a day) was given for 15 days before and for 1 month after the first GnRHa injection to prevent the formation of ovarian cysts in response to the gonadotropin surge. Therapy was stopped when the bone age was approximately 12-12.5 years, except for 15 girls whose bone ages were 10.5-11.8 years. In these, the decision to stop the therapy was taken case-by-case with the parents because of chronological age or height judged to be sufficient for the increase of estradiol secretion, or, more frequently, slow growth rate (<3 to 4 cm) during the previous year. The patients were seen every 6 months after the start of therapy for clinical evaluation and measurements of height and bone age before deciding to stop therapy. Plasma estradiol was measured when there was a doubt about the persistence of breast development because of adipose tissue deposition -it was undetectable. The treatment produced no side-effects. Group 2 patients (n=52) were followed without treatment because their predicted AH was >155 cm in all but 3 cases (147, 153, 153.6 cm) ( Table 1 ). They were seen every 4 months until they reached an acceptable predicted AH for clinical and bone age evaluation, if indicated, and then each year until the AH.
Methods
Height, growth rate and body mass index (BMI, weight in kg/height in m 2 ) are expressed as SDS for chronological age [24, 25] . The pubertal stage was rated [26] . Bone age was assessed by one of us [27] . TH was calculated from reported parental heights [28] . Predicted AH was calculated [29] , except in 8 cases (6 treated and 2 untreated) whose predicted AH could not be calculated because they had a bone age of <7 years. We used the column "advanced" when the bone age advance was greater than 1 year [29] .
Plasma LH, FSH and estradiol concentrations were measured using different immunoassays during the study period. When the assay method for a given hormone was changed, it was cross-correlated with the previous method. Thus, the results for a given parameter are comparable throughout the whole period. An LH/FSH peaks ratio after GnRH test of >0.66 was considered to be pubertal [30] .
Data are expressed as means ±SD. Paired values were compared with a Wilcoxon test. Groups were compared with a MannWhitney U test. Percentages were compared with the Chisquared test. Correlations were analyzed using Spearman's test.
Least squares fitting multiple linear regressions [19, 20] were performed on many subsets of the variables shown in Table 1 , and they were evaluated through a cross-validation procedure. The models selected were those that gave the best trade-off between quality and simplicity. We looked for formulae that could be used at initial evaluation to predict the difference (cm) between AH and TH. The differences predicted for each patient were compared to the actual observed differences. A difference, particularly a loss, of 3 cm was considered significant, as this value corresponds to approximately 0.5 SD. We also tried to predict the time between the onset of puberty and first menstruation for the untreated girls. results
Comparison of the groups at initial evaluation
Group 1 patients were younger at the onset of puberty, but the intervals between the onset of puberty and evaluation were similar in the 2 groups (Table 1) . Breast development was at Tanner's stage 2 in 33% of the group 1 patients, and stages 3 and 4 in 67% of them, whereas these percentages were 65% and 35% for the group 2 patients (P=0.001). Group 1 girls had significantly greater bone age advance, plasma estradiol concentrations, LH peaks, LH/FSH peaks ratio, and lower predicted AH than the Group 2 girls.
Treated group
The time between the onset of puberty and treatment was 1.5±0. The AH was greater than the predicted AH before treatment (P<0.005), but similar to the TH (Table 1) . It was positively correlated with the heights at initial evaluation and at treatment initiation, TH, predicted AH, growth rate during the first year of treatment; it was negatively correlated with the ages at the end of treatment and at first menstruation ( Table 2) .
The difference between the AH and predicted AH just before treatment was 2.2±6.4 (-12.8 to 20) cm. It was positively correlated with the height at initial evaluation, the stage of breast development, bone age and bone age advance before treatment, and with the plasma estradiol concentration (Table 2 ). These differences were similar in the patients younger than and older than 6 years at the onset of puberty.
The difference between the AH and TH was -0.6±5.4 (-15.5 to 15) cm, and was positively correlated with the height at treatment initiation and the predicted AH. This difference (cm) can be predicted at the initial evaluation by the formula (using SDS) =3.68 (height at initial evaluation -TH) -1.94 (height at initial evaluation -predicted AH) -4.23 with R2=0.73 ( Figure 1 ).
The actual AH of 9 girls (14%) was >3 cm lower than the calculated AH. Ten patients had an AH that was >5 cm lower than their TH.
Untreated group
Three girls were aged 3.5, 4.5 and 5.3 years, 12 were between 6 and 6.9 years, and 37 were between 7 and 8 years. The 3 youngest had plasma estradiol concentrations of 9, 15 and 88 pg/mL and a prepubertal LH/FSH peaks ratio; they had menstruated at 10.5, 11 and 12 years; and their AH was greater than their TH.
The AH was similar to the predicted AH, but greater than the TH (P<0.01, Table 1 ). It was positively correlated with the height at initial evaluation, TH and the predicted AH ( Table 2) .
The difference between the AH and predicted AH was -1.4±5.6 (-13.4 to 17) cm. It was positively correlated with the bone age and bone age advance, and with the age of the mother at her first menstruation.
The difference between the AH and TH was 1.7±4.3 (-7 to 13.5) cm. It correlated positively with the height at initial evaluation, predicted AH, and negatively with the age at onset of puberty, the age at evaluation and the LH peak. This difference (cm) can be predicted at the initial evaluation by the formula (using SDS) =2.76 (height at initial evaluation -TH) -3.68 LH/FSH peaks ratio -3.49 with R2=0.77 ( Figure 2 ).
The actual AH of 9 girls (17%) was >3 cm lower than the calculated AH, and 4 of the 9 (44%) had a BMI >2 SDS, while 6 (66%) had a bone age advance greater than 2 years at initial evaluation; these percentages were 30.8 and 26.9% in the whole untreated group (Table 1) . Only 1 patients had an AH that was >5 cm lower than her TH (7 cm).
The 52 girls included 39 who began menstruating before they were 11 years old (19/51 in their mothers). The time between the onset of puberty and first menstruation (years) Figure 1 . Predictions of the difference (cm) between the adult height (AH) and target height (TH) of girls with CPP treated with GnRHa. Straight lines are contour plots, every cm. Each point corresponds to the predicted difference, with the actual difference indicated. The point is changed to a cross when the actual value is more than 3 cm lower than the calculated one. Three patients located in the upper part were deleted. Straight lines are contour plots, every cm. Each point corresponds to the predicted difference, with the actual difference indicated. The point is changed to a cross when the actual value is more than 3 cm lower than the calculated one. Two patients located in the upper part were deleted.
can be calculated with the formula 12.2 -1.06 age CPP -0.4 (height at initial evaluation -TH, SDS) with R2=0.75 ( Figure 3 ).
discussion
We have identified a model that can be used at the initial evaluation to predict the difference between AH and TH. This difference is probably the best expression of the effect of CPP and its treatment on the growth potential -height SDS at the initial evaluation is influenced by the previous growth acceleration due to CPP; this difference is more informative than the adult height SDS.
Deciding on GnRHa treatment
The time between the onset of puberty and the initiation of treatment was greater than 2 months, to avoid treating transient forms. We based our decision to treat on a low or deteriorating predicted AH, a pubertal LH/FSH response to the GnRH test, and a plasma estradiol concentration suggesting hypothalamic GnRH neuron activation and/or high estrogen activity, but the treated and untreated girls had similar THs, heights SDS, growth rates, BMIs and insulin concentrations. This agrees well with our data [31] showing that the growth rates of CPP patients are independent of the plasma estradiol concentrations, which is correlated with the LH/FSH peaks ratio. This suggests that the degrees of hypothalamo-pituitary-ovarian activation determines the LH/FSH peaks ratio, and, hence, the plasma estradiol concentration, the bone age advance, and the predicted AH, but not the growth rate. The LH/FSH peaks ratio is significantly correlated with the anterior pituitary height [32] . These degrees of activation may be determined by genetic factors and could explain the variability of the evolution in CPP. These data explain that greater height at initial evaluation is associated with a greater AH in treated and untreated girls. Similarly, a greater AH is associated with a smaller difference between the height at initial evaluation and the predicted AH (all expressed as SDS) in treated girls ( Figure 1 ) and a lower LH/FSH peaks ratio in untreated girls (Figure 2 ). We retrospectively evaluated the plasma insulin concentrations, as obesity seems to contribute to the earlier onset of puberty [33] ; we found no difference between the 2 groups. Obesity seems to be a factor in loss of height between the actual and the calculated AH in the untreated group (see below). The effect of caloric reduction on the evolution of the height prediction has yet to be evaluated.
Untreated group
There is a question as to whether these patients actually have CPP, despite the prepubertal response to the GnRH test in 75% and estradiol concentration in 70%. Only 3 were younger than 6 and 12 were aged 6 to 7 years. Among this group, 21% had menstruated before the age of 10 and 75% before 11 years, suggesting an increased estrogen secretion. The other 25% may not have suffered from progressing CPP.
The decision to not treat these girls was mainly based on their having a predicted AH of >155 cm. A greater height at initial evaluation, expressed as cm or SDS, and predicted AH are associated with a greater AH and a larger difference between AH and TH. We have identified a model that can be used to predict this difference at the initial evaluation.
We analysed the characteristics of the 9 untreated girls whose actual AH was >3 cm lower than the calculated AH according to the model. Compared to the whole untreated group (Table 1) , they represent 4/18 with breast development at Tanner's stage 3 or 4, 6/14 with a bone age advance greater than 2 years, 4/16 with a BMI greater than 2 SDS, 5/15 with a plasma estradiol concentration greater than 15 pg/mL, and 3/13 with an LH/FSH peaks ratio greater than 0.66.
The time between the onset of CPP and the first menstruation was longer in the girls who were youngest at the onset of CPP and in those having a smaller difference between height at initial evaluation and TH.
Clinical use of the formulae
We have set up a web page and spreadsheets to simplify the use of the above formulae in day-to-day practice. The formulae can be tried by simply inserting the raw data, such as the values for the TH, the height at initial evaluation and the predicted AH in the girl to be treated, and the LH/FSH peaks ratio or the age at onset of puberty for the girl left untreated. These resources are available at: http://www.kamick. org/lemaire/med/girls-cpp.html.
Study limitations
The girls excluded because of the change in their address may introduce bias. We postulate that their similarity to the girls who were included limits this bias. The decision to stop treatment was based on a bone age of approximately 12-12.5 years, which is associated with better growth until the FH [3] . However, the bone ages of 15 girls were lower when the decision to stop the GnRHa treatment was taken, because of their chronological age or their height was judged to be sufficient for the increase of estradiol secretion, or more frequently their growth rate had been slow (<3 to 4 cm) during the previous year.
The final heights of a few girls were collected from their health records held by their pediatricians. The reported parental height is less accurate than the measured heights, as males seem to overestimate their height [34] . These authors recommend accurately measuring the heights of both parents, given the considerable variations between the reported and measured heights in both sexes.
conclusions
We have identified models for predicting the difference between the AH and TH of girls with idiopathic CPP -a greater difference between the height at initial evaluation and the TH (SDS) is associated with a greater AH in both treated and untreated girls. The second factor of the model is a smaller difference between the height at initial evaluation and the predicted AH in treated girls and a lower LH/FSH peaks ratio in untreated girls. In these, a bone age advance greater than 2 years should be an additional indicator for treatment. Psychosocial and ethical factors should also be considered.
The interval between the onset of CPP and the first menstruation can also be predicted for untreated girls.
We have thus provided a way of identifying those girls who can be left untreated without any great risk to their AH, provided they are closely monitored. These models will undoubtedly be optimized as a result of their use in other centers and in prospective studies.
